IMPORTANCE Although opioids are used to treat neonatal abstinence syndrome (NAS), the best pharmacologic treatment has not been established.
M isuse of opioids during pregnancy affects more than 5% of all pregnant women in the United States. 1 Opioids may also be prescribed during pregnancy to control chronic pain. As the number of pregnant women exposed to opioids and other psychotropic medications has increased, so has the incidence of neonatal abstinence syndrome (NAS). 2 Neonatal abstinence syndrome is a constellation of signs that involve central and autonomic nervous system dysfunction that affects more than half of infants exposed to opioids in utero, although its expression is widely variable. 3, 4 Although several different approaches are used to treat NAS, no universal standard exists. The use of opioids has been recommended for treatment of infants with significant NAS, with neonatal morphine solution or methadone being the most commonly used medications. 5 If there is inadequate response to an opioid, a second medication may be added. However, there is significant heterogeneity in treatment approaches, and the safety and efficacy of many of these drugs have not been adequately established. In a single-center trial of NAS, Brown et al 6 found significant reductions in median treatment times among 13 infants treated with methadone (15 days) compared with 18 infants treated with morphine (21 days). The few studies 7, 8 that compared single-drug regimens were largely retrospective and demonstrated no differences in short-term outcomes or potential advantages with the use of morphine. Although some clinicians have recommended treating with an opioid based on the infant's weight, others have based the dose on the severity of NAS as assessed by the Finnegan Neonatal Abstinence Scoring System (Finnegan score [FS] ). 9 The current trial was designed to evaluate the safety and efficacy of a novel weight-and sign-based approach to control withdrawal. To our knowledge, this was the first multisite randomized clinical trial to compare the 2 most common medications used to treat NAS, methadone and morphine.
Methods

Study Design
Reporting and analyses for this trial followed CONSORT 2010 guidelines (trial protocol in Supplement 1). Investigators, participants, staff, and statisticians were masked to treatment assignment. Only research pharmacists had access to treatment assignments. The study was approved by the institutional review boards at Tufts Medical Center, Boston, Massachusetts; Baystate Children's Hospital, Springfield, Massachusetts; Boston Medical Center, Boston, Massachusetts; Maine Medical Center, Portland; University of Florida Health, Jacksonville; University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania; Vanderbilt University Medical Center, Nashville, Tennessee; and Women & Infants Hospital of Rhode Island, Providence. Written informed consent was obtained by study investigators at each of the 8 US sites. The study was a randomized, double-blind, intention-totreat trial that compared the safety and efficacy of methadone vs morphine to treat NAS. A total of 183 mothers consented to have their infants enrolled from February 9, 2014, to March 6, 2017 (when funding ended); 117 required treatment and were randomized to receive methadone or morphine (data available on 58 per group) (Figure) . Randomization was 1:1 according to computer-generated randomization sequences and was stratified by site and type of maternal opioid used (buprenorphine or methadone for treatment of an opioid use disorder, opioids prescribed for chronic pain) to balance study arms. Details are provided in the eAppendix in Supplement 2. Multiple factors limited recruitment. First, study initiation was delayed by 14 months to develop the compounding protocol for the methadone, contract with Boston Laboratories, perform the testing, and receive the Investigational New Drug approval. Second, many mothers declined to enroll their infants in the randomized treatment trial because they were taking methadone and did not wish their infants to receive it. Other mothers were concerned about social or legal ramifications of enrolling their infants in the trial. Third, sites 
Key Points
Question Does methadone or morphine have better safety and efficacy for the treatment of neonatal abstinence syndrome?
Findings In this randomized clinical trial, 117 infants were randomized to treatment with methadone or morphine using a weight-and sign-based treatment protocol. Methadone was associated with reductions in length of hospital stay, length of hospital stay attributable to neonatal abstinence syndrome, and length of treatment after adjusting for study site and type of maternal opioid.
Meaning Methadone is more effective than morphine only in infants needing pharmacologic treatment for neonatal abstinence syndrome.
began to focus on nonpharmacologic care, which reduced the numbers of infants who required pharmacologic treatment.
Inclusion and Exclusion Criteria
Mothers treated with methadone or buprenorphine for an opioid use disorder or an opioid for treatment of chronic pain and receiving prenatal care (at least 1-2 obstetric visits in the third trimester) were eligible for study inclusion. Mothers with a known psychiatric diagnosis could receive additional psychotropic drugs. Mothers were still included if they used illicit drugs during the pregnancy. Mothers were excluded if they consumed more than 3 oz of alcohol per week during the pregnancy (confounding effects of fetal alcohol exposure). Urine toxicology testing was performed in mothers at the time of delivery. All infants were born at 37 weeks' gestation or later (by solid obstetric dating criteria or early ultrasonography; premature infants were excluded because of a more variable response to prenatal and postnatal opioid exposure) and without evidence of sepsis, major congenital anomalies, or genetic disorders. Infants had urine and meconium toxicologic tests performed at birth.
Observational Comparison Cohort
Mothers who declined randomization could consent to standardized institutional weight-based morphine treatment and data collection. Inclusion and exclusion criteria were the same as those used in the randomized clinical trial.
Preparations
The commercial preservative-free neonatal morphine was diluted to 0.2 mg/mL. The commercial methadone contained 15% alcohol as a preservative. Because alcohol could affect shortand longer-term outcomes, the US Food and Drug Administration (FDA) required that a preservative-free methadone solution be prepared using methadone powder (Mallinckrodt Inc). However, the FDA first required development of compounding procedures using Good Clinical Practice guidelines. Boston Analytical tested the compounded solution (0.4 mg/ mL) for sterility, concentration, stability, and purity during a 2-week period because it would be difficult to compound the solution daily. After these studies were completed, the Investigational New Drug and Certificate of Confidentiality were issued. Extensive training of each site's pharmacy was conducted to standardize compounding procedures and ensure the safety of the formulation. The pharmacist at each site randomized the infant and assigned the therapy.
Finnegan Scoring
Infants were assessed by nursing staff using standardized FSs every 4 hours as previously described. 1, 10 All nursing staff completed interobserver reliability training, which was achieved when the same item and total score were obtained by 2 independent raters using both training videos and infants enrolled in the study.
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Treatment Protocol
Pharmacologic treatment was initiated when the FS was 8 or higher on 2 consecutive occasions or 12 or higher on 1 assessment. If this occurred when research pharmacy staff was unavailable, the infants could receive 1 dose of morphine before randomization. The dose approach using weight and FS is outlined in Table 1 . Infants received methadone alternating with placebo every 4 hours (each agent administered every 8 hours to maintain blinding) or morphine every 4 hours. The methadone, placebo, and morphine looked identical, ensuring the blinding for all staff. If the infant continued to have an FS of 8 or higher for 2 consecutive scores or had 1 score of 12 or higher, the dose was increased to the next level. If the FS remained elevated despite increasing to a predetermined maximal opioid dose, phenobarbital (20-mg/kg loading dose followed by 4-5 mg/kg daily) was administered. Doses were increased until control of withdrawal was achieved. Although phenobarbital was not considered to be a study drug, a protocol was provided to each site (eTable 1 in Supplement 2). The study drug was then decreased by 10% every 12 to 48 hours (with FSs generally <8) and treatment stopped at 20% of the initial dose. Infants were then observed for 48 hours before discharge.
End Points
The primary end point was length of hospital stay (LOS). Secondary end points were LOS related to treatment for NAS (birth to last day of study drug treatment plus 2 days for observation after treatment was stopped), length of treatment with the study drug (LOT), need for supplemental phenobarbital, weight gain during the hospitalization, and the need for dose escalation of the study drug. When the trial was designed, LOS was the standard outcome measure for smaller NAS studies. However, this variable can be influenced by multiple medical and social factors; thus, the secondary outcomes were analyzed.
Statistical Analysis
A total sample size of 184 was projected to attain 80% power to detect a difference in mean LOS of 2.3 days, assuming that LOS demonstrated a Poisson distribution and mean LOS in the shorter LOS group was 30 days or less. Baseline variables were described by treatment group. Analyses of treatment effect were performed according to the intention-to-treat principle. All statistical tests were 2-sided and at a significance level of α = .05. Secondary end points were not accounted for in the power calculations and were therefore considered to be exploratory. Count data were analyzed using negative binomial regression, binary data with logistic regression, and weight gain with linear regression. Analyses were adjusted for the stratifying variables used in randomization (site, type of opioid that the mother received). In addition, by inserting an interaction term, we tested whether treatment effect was modified by the type of opioid that the mother was taking. Because all infants whose mothers received opioids for pain were randomized to a single group by chance, we performed a sensitivity analysis that excluded those infants. In unadjusted analyses of count data, medians were also compared between treatment groups using the Wilcoxon rank sum test. Adjusted medians could not be calculated because of small cell sizes. The infants treated with morphine in the observational cohort were compared with all randomized infants and infants in the randomized morphine arm by using similar statistical methods. This comparison was not planned at the time of study initiation because it was not anticipated that so many mothers would refuse randomization but agree to data collection. Additional explanation of statistical methods is provided in the eAppendix in Supplement 2. Analyses were performed using SAS software, version 9.4_M3 (SAS Institute Inc).
Results
A total of 183 mothers consented to have their infants in the study; 117 infants required treatment. Table 2 and Table 3 ). The number of mothers smoking 5 or more cigarettes per day was greater in the methadone group, and the number of infants initially cared for in the newborn unit was greater in the methadone group. Overall interobserver reliability for FS for the study was 81%, with 7 of 8 centers performing at more than 90% and 1 center that enrolled a small number of infants not performing as expected. A total of 13 adverse events were recorded (equally distributed between groups), including shallow breathing, bradycardia, oxygen desaturation, lethargy, poor feeding, hypothermia, and emesis. One infant who received methadone had a serious adverse event that involved apnea, lethargy, and hypothermia, which prompted readmission to the neonatal intensive care unit. The dose of study drug was decreased in response to the adverse events, and all infants responded well and continued in the study. In response to the adverse events, the protocol was amended to permit more rapid weaning of study drug (12-48 hours), and no additional adverse events were recorded.
Unadjusted analyses found no statistically significant differences in mean primary or secondary outcomes between the study groups. Adjusting for treatment site and maternal opioid type demonstrated that compared with morphine, methadone was associated with a 14% reduction in mean relative LOS (relative number of days, 0.86; 95% CI, 0.74-1.00; P = .046), corresponding to a difference of 2.9 days; 14% reduction in LOS attributable to NAS (relative number of days, 0.86; 95% CI, 0.77-0.96; P = .01), corresponding to a difference of 2.7 days; and 16% reduction in LOT (relative number of days, 0.84; 95% CI, 0.73-0.97; P = .02), corresponding to a difference of 2.3 days. Methadone was also associated with statistically significant reductions in the median total LOS (16 vs 20 days, P = .005), median LOS related to NAS (16 vs 19 days, P = .005), and median LOT (11.5 vs 15 days, P = .009) compared with morphine ( Table 4) . The statistically significant decreases remained after sensitivity analyses omitted the 4 infants exposed to maternal prescription opioids for chronic pain (eTable 2 in Supplement 2). Although use of phenobarbital was less common in infants treated with methadone, the difference was nonsignificant (odds ratio, 0.44; 95% CI, 0.18-1.09; P = .07). Results of the per protocol analysis (eTable 3 in Supplement 2) agreed with the intention-to-treat analysis.
To determine the effect of the study treatment alone, the combined randomized cohort was compared with the nonrandomized cohort. Randomized infants had statistically significantly shorter adjusted total LOS, LOS attributable to NAS, and LOT and received phenobarbital less frequently than did nonrandomized infants (eTable 4 in Supplement 2). However, no statistically significant differences were found in any outcomes in infants randomized to receive morphine compared with the observational cohort, demonstrating that any beneficial effects were primarily attributable to methadone.
Discussion
Despite recommendations that opioids should be used for treatment of NAS, no universal evidence-based pharmacologic treatment strategy exists. In addition, no drug is approved for use in infants by the FDA. 5, 12 A few studies 8,13 that evaluated the efficacy of opioids in NAS in a small number of infants identified a shorter LOS and LOT in infants treated with methadone. We also found that treatment of NAS with methadone was modestly better than treatment with morphine in improving short-term outcomes. Our study is the only multicenter comparison trial to date and suggests that the choice of opioid in infants with NAS can affect the duration of treatment independent of the opioid exposure during pregnancy. Stratification by maternal opioid produced comparable cohorts except for more mothers of methadone-treated infants smoking 5 or more cigarettes per day. Cigarette smoking is known to be associated with the need for higher doses of opioids and longer LOS and LOT in infants with NAS, possibly because of the ability of nicotine to induce the cytochrome P450 and glucuronidase genes. 14, 15 Despite this potential confounder, methadone was still associated with better outcomes. The differential response to the type of opioid used to treat NAS resides in the unique characteristics of each drug. The active R enantiomer of methadone possesses greater μ-opioid receptor agonist activity than morphine but has lower receptor affinity. Metabolism of methadone by cytochrome P450 isoenzymes can vary by as much as 30-fold in liver and 11-fold in gut. 16 The higher fat solubility, protein binding, and volume of distribution of methadone prolongs the half-life and allows a longer dose interval. 17 Morphine is a μ-and κ-opioid receptor agonist metabolized via gestationally regulated hepatic glucuronidation and eliminated by the kidney. 17 Although morphine is typically administered every 3 to 4 hours in newborns, the dose regimen of methadone is more variable, and the drug can be given every 8 to 24 hours. The longer dose interval for methadone compared with morphine is another beneficial effect. Recently, Hall et al 18 reported that lengthening the methadone dose interval (supported by pharmacokinetic data) reduced LOS and LOT by 3 days. Conceivably, a pharmacokinetic-based methadone dose regimen might have further improved outcome in our study.
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The treatment approach permitted us to control the signs of NAS more quickly and wean the dose more rapidly. However, adverse events were reported that were equally distributed between the treatment groups. These adverse effects are recognized as potential complications of opioid administration. Because our treatment approach might have contributed to these events, we changed the treatment protocol during the trial to allow more rapid weaning of the study drug (from a minimum of 24 hours to 12 hours). This change minimized subsequent events.
Establishment of a universal treatment protocol is complicated by significant practice variation and the use of additional medications, such as phenobarbital and clonidine. 13 Phenobarbital functions to increase the breakdown of drugs metabolized by cytochrome P450, whereas clonidine (an α 2 - demonstrated that sublingual buprenorphine was more effective than morphine in the treatment of NAS. However, the buprenorphine formulation contained significant amounts of alcohol, which may ultimately limit the widespread use of this drug. Most drugs used to treat newborns are adult formulations that contain preservatives that have not been proven to be safe and could affect neurodevelopmental outcome. Extensive prestudy work was undertaken to guarantee the stability, purity, and sterility of our methadone preparation. Such expensive and time-consuming processes highlight the need to develop safe, commercially available formulations designed specifically for newborns.
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Although it is possible that methadone is better than morphine for treatment of NAS, a small retrospective study 7 found lower Bayley III mean composite cognitive and motor scores in methadone-treated infants compared with those receiving morphine. Our ongoing neurodevelopmental follow-up of a Adjusted for site and type of maternal opioid (methadone, buprenorphine, or opioids for pain).
b Statistics are relative numbers of days for LOS, LOS attributable to NAS, and LOT; odds ratios for phenobarbital and infants needing a dose increase; and difference for weight gain.
c Difference in medians statistically significant (P = .009).
d Does not include 4 infants whose mothers were treated with opioids for pain because of sparse strata, leading to problems with model estimation. 
Research Original Investigation
infants through 18 to 24 months should provide additional information on the longer-term safety of opioid treatment in NAS.
Limitations
The complexity of the present trial introduced some limitations. As stated previously, we did not meet our recruitment goal for reasons detailed in the Study Design section. This inability to meet the recruitment goal highlights the difficulty of conducting large trials of pregnant women taking opioids and infants with NAS. However, we recruited 170 additional infants as a standard of care control arm to compare randomized and nonrandomized infants being treated for NAS. The infant's need for medical treatment was based on the FS, a widely used assessment tool that is subjective and has significant interobserver variability. We used a wellstructured training program that had been used in other studies (eg, the Maternal Opioid Treatment: Human Experimental Research study, using the same training personnel and approaches) to minimize variability. 1 Lastly, our results were stratified by site to minimize the variation of supplementary approaches (eg, nonpharmacologic care) adopted by participating institutions in response to NAS. Nonetheless, it is possible that individual institutions implemented changes in treatment protocols during the 4-year recruitment period that might have affected outcome, although randomization at each site should account for this possibility.
Conclusions
Methadone was better than morphine in improving shortterm NAS outcomes. Even modest reductions in LOS could significantly decrease the economic effect of NAS, considering the thousands of infants treated each year. 23 A more complete understanding of the factors that determine the severity of NAS and the long-term safety of different treatment approaches is needed. Such an understanding will help refine best practices and reduce the societal and financial burden of NAS while improving short-and longer-term outcomes in this highly vulnerable population.
eAppendix: Statistical Methods
Details on the Primary Analysis
Length of stay (LOS) was the primary outcome in the NIH grant application, study protocol, and on ClinicalTrials.gov. Although LOS was thought to be the most relevant outcome at the time of study initiation, experts now prefer length of treatment (LOT), because it excludes days spent in the hospital for non-medical reasons. We decided to keep LOS as the primary outcome because it was in the original protocol and was endorsed by the NIH, but we also report LOT.
Methods for count data are appropriate for LOS, because LOS is a count of days and because of the skewness of the LOS distribution. The analysis plan in the protocol called for Poisson regression for LOS, a method for count data that uses the log link, and therefore estimates and tests the relative mean LOS (mean LOS in the methadone group divided by mean LOS in the morphine group). Because the data were overdispersed (that is, variation was large relative to the mean), we used negative binomial regression, a generalization of Poisson regression that handles overdispersion. We report the relative mean LOS and the difference in adjusted means calculated from the negative binomial model.
The analysis plan in the NIH grant and study protocol stated that the primary analysis would adjust for the variables in the stratified randomization plan -mother's treatment and site. We adjusted for these two stratifying variables and no others.
Randomization
Randomization was 1:1 according to computer generated randomization sequences. Three randomization sequences were used for each center so enrollment could be stratified by site and antenatal exposure to buprenorphine, methadone, or pain medication. Each randomization sequence contained permuted blocks of size four and six, in random order. The study statistician (NT) designed the randomization model, which was implemented in the research data management tool StudyTrax. Assignments were obtained online from StudyTrax by the pharmacist. Only the pharmacist had access to the assignments.
Power calculation
The NIH grant was planned for short-term and long-term outcomes. The sample size of 184 was required to detect a 0.5 standard deviation difference between groups on a long-term neurodevelopmental measure, accounting for drop-out and multiple testing. (The long-term measure is still being collected). We used Poisson simulation to calculate the detectable difference in LOS, given total sample size N=184, since that was the number required for the long-term outcome. In the R-code below, lambda1 and lambda2 are the mean number of days in the 2 groups, n1 and n2 are the sample sizes per group, and alpha is the alpha-level. Applying the Rcode, we determined that there would be at least 80% power to detect a difference in mean LOS of 2.3 days, if mean LOS in the shorter-LOS group was 30 days or less. The shorter the LOS, the higher the power and the smaller the detectable difference. In our data, mean LOS was shorter than expected and the adjusted difference between groups was greater than expected. That explains the statistically significant result, despite the inability to recruit the planned number of patients. There were no plans to stop for statistical reasons, because insufficient numbers of infants would have had 18-month outcomes by the time enrollment was complete. Sequential boundaries were used to monitor the cumulative number of SAEs, but since there was only one SAE in the study, it was not necessary to stop. 
Phenobarbital Weaning
If the infant is receiving phenobarbital then this should be weaned only after the infant has been weaned off of the study drug. Phenobarbital weaning should begin 48 hours after the study drug has been stopped. If the infant is still in the hospital, the phenobarbital can be weaned by 20% of the maximum dose every 3 days for average scores of <8. An infant may be discharged home 48 -72 hours after the first wean. If an infant is on twice daily dosing, this should be switched to once daily dosing prior to discharge home. The remaining phenobarbital wean will be outlined in the discharge prescription, and followed up on by study staff with phone calls to the mother and primary care pediatrician. With weaning every 3 days, the infant should be weaned off phenobarbital within a 2 week period to minimize any adverse long-term effects. 
